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A c o m p u t e r f a c i l i t y f o r m o d e l i n g 
sound p r o d u c t i o n r e s u l t i n g f r o m e x c i t i n g a 
m o v i n g a r t I c u l a t o r y s y s t e m i s d e s c r i b e d . 
The v o c a l t r a c t i s t r e a t e d a s a n a c o u s t i c 
t r a n s m i s s i o n l i n e w i t h v a r i a b l e c r o s s -
s e c t i o n a l a r e a . The s y s t e m a l l o w s o n - l i n e 
s p e c i f i c a t i o n o f t h e h i s t o r y o f a r t l c u l a ­
t o r y s t a t e s ( v o c a l - t r a c t s h a p e s ) and e x c i ­
t a t i o n p a r a m e t e r s , and g e n e r a t e s t h e 
r e s u l t a n t a c o u s t i c s i g n a l f o r i m m e d i a t e 
e v a l u a t i o n b y t h e e x p e r i m e n t e r . N o v e l 
f e a t u r e s i n c l u d e g r a p h i c a l a s w e l l a s 
n u m e r i c a l c o n t r o l o f a r t i c u l a t o r y c o n f i g u ­
r a t i o n s , t i m e - m o t i o n d i s p l a y o f a r t i c u l a ­
t o r y d a t a and r e s o n a n t - f r e q u e n c y v e r s u s 
t i m e d i s p l a y s f o r t h e r e s u l t i n g a c o u s t i c 
s i g n a l . The f a c i l i t y i s used f o r t h e 
s t u d y o f t h e d y n a m i c s o f a r t i c u l a t o r y 
movement and f o r s p e e c h s y n t h e s i s . 

I n t r o d u c t i o n 

I n m o d e l i n g t h e p r o c e s s o f human 
s p e e c h p r o d u c t i o n w e r e c o g n i z e f i v e d i s ­
t i n c t s t a g e s . F i r s t , t h e message i s 
o r g a n i z e d o n t h e l i n g u i s t i c l e v e l and 
s t r u c t u r e d g r a m m a t i c a l l y . S e c o n d , t h e 
message i s e x p r e s s e d p h o n o l o g i c a l l y i n 
t e r m s o f a s e q u e n c e o f d i s c r e t e u n i t s , 
l a b e l l e d p h o n e m e s . S t r e s s and i n t o n a t i o n 
m a r k s can b e c o n s i d e r e d s p e c i a l phonemes 
and a s s i g n e d s p e c i a l c o d e s . T h i r d , t h e 
s t r i n g o f phonemes i s c o n v e r t e d t o a s e t 
o f c o n t i n u o u s s i g n a l s c o n t r o l l i n g t h e 
m u s c u l a t u r e o f t h e v a r i o u s a r t i c u l a t o r s . 
T h i s r e s u l t s i n a h i g h l y c o m p l e x i n t e ­
g r a t e d movement s e q u e n c e i n w h i c h g e n e r ­
a l l y a l l t h e a r t i c u l a t o r s , t h e l i p s , t h e 
t o n g u e , t h e m a n d i b l e , e t c . , p a r t i c i p a t e . 
F i n a l l y , t h e p h y s i c a l i n t e r a c t i o n o f t h e 
v i b r a t i n g v o c a l c o r d s and t h e m o v i n g a r t i ­
c u l a t o r y s t r u c t u r e p r o d u c e s a c o n t i n u o u s 
a c o u s t i c s i g n a l p e r c e i v e d a s s p e e c h . 

W e a r e p a r t i c u l a r l y i n t e r e s t e d i n 
m o d e l i n g t h e f o u r t h o r t h e a r t i c u l a t o r y 
movement s t a g e o f t h e s p e e c h e v e n t . We 
c o n s i d e r t h e s p e e c h e v e n t a s composed o f a 
s e q u e n c e o f p h o n e t i c segmen ts s p e c i f i e d i n 
t e r m s o f one o r more v o c a l - t r a c t shapes 
and t h e c o r r e s p o n d i n g e x c i t a t i o n p a r a ­
m e t e r s . The a c o u s t i c s i g n a l i s g e n e r a t e d 
b y s i m u l a t i n g t h e e x c i t a t i o n m e c h a n i s m a s 
w e l l a s t h e a r t i c u l a t o r y t r a j e c t o r y . I n 
c o n t r a s t , m o s t p r e v i o u s s p e e c h p r o d u c t i o n 
s y s t e m s c o n s i d e r g e n e r a t i o n o f t h e s p e e c h 
s i g n a l f r o m t h e a c o u s t i c p o i n t o f v i e w and 
a r e c o n t r o l l e d b y s p e c i f y i n g t h e v a r i a t i o n s 

o f v o c a l - t r a c t r e s o n a n t f r e q u e n c i e s 
( f o r m a n t f r e q u e n c i e s ) w i t h t i m e . 1 , 2 

M o d e l i n g t h e p r o c e s s a t t h e a r t i c u l a t o r y 
l e v e l can b e e x p e c t e d t o b e s i m p l e r 
b e c a u s e t h e a r t i c u l a t o r s r e s p o n d t o 
m u s c u l a r f o r c e s w i t h p r e d i c t a b l e changes 
i n t h e i r p o s i t i o n and r a t e s o f movemen t . 
O n t h e o t h e r h a n d , s i m p l e r u l e s f o r 
r e s o n a n t f r e q u e n c y changes a r e n o t n e c e s ­
s a r i l y r e a l i z a b l e b y t h e ana tomy o f t h e 
v o c a l t r a c t . I n f a c t , s i m p l e a r t i c u l a ­
t o r y changes c a n have comp lex a c o u s t i c 
e f f e c t s . T h i s r e p o r t i s p r i m a r i l y c o n ­
c e r n e d w i t h g e n e r a t i n g t h e a c o u s t i c 
s i g n a l c o r r e s p o n d i n g t o g i v e n changes i n 
t h e shape o f t h e v o c a l t r a c t . Accomp l i sh ­
ment o f t h a t t a s k i s a p r e r e q u i s i t e t o 
s t u d y i n g t h e movements a c t u a l l y e x e c u t e d 
b y t h e a r t i c u l a t o r y s y s t e m when p r o d u c i n g 
a p a r t i c u l a r u t t e r a n c e . 

R e c e n t s t u d i e s show t h a t n o phoneme, 
n o t e v e n t h e v o w e l s , e x h i b i t s a u n i q u e 
s e t o f r e s o n a n t f r e q u e n c i e s i n a l l i t s 
o c c u r r e n c e s i n c o n n e c t e d s p e e c h . 3 T h e r e ­
f o r e , i t i s u n r e a s o n a b l e t o e x p e c t t h a t a 
u n i q u e v o c a l - t r a c t shape can b e a s s o c i ­
a t e d w i t h a l l p r o d u c t i o n s o f t h a t phoneme. 
C e r t a i n a t t r i b u t e s o r d i s t i n c t i v e f e a ­
t u r e s o f t h e e x c i t a t i o n m e c h a n i s m and o f 
t h e a r t i c u l a t o r y s t a t e s e r v e , h o w e v e r , t o 
d i f f e r e n t i a t e among t h e phonemes . Such 
f e a t u r e s may I n c l u d e p r e s e n c e o r absence 
o f l a b i a l c l o s u r e , o f p e r i o d i c o r t u r b u ­
l e n t e x c i t a t i o n , c o u p l i n g o f t h e n a s a l 
p a s s a g e t o t h e m a i n v o c a l t r a c t , e t c . 
W h i l e I n c o r p o r a t i o n o f t h e s e f e a t u r e s i n 
t h e a r t i c u l a t o r y d e s c r i p t i o n i s n e c e s s a r y 
t o o b t a i n a n i n t e l l i g i b l e r e s u l t , i t i s 
n o t s u f f i c i e n t . The human s p e e c h p e r c e p ­
t i o n a p p a r a t u s i s e a s i l y c o n f u s e d b y 
f a l s e cues t h a t a r i s e f r o m u n n a t u r a l 
a r t i c u l a t i o n s . T h e r e f o r e , t h o s e p a r a ­
m e t e r s u n s p e c i f i e d b y t h e d i s t i n c t i v e 
f e a t u r e s o f t h e phoneme mus t b e s p e c i f i e d 
w i t h r e f e r e n c e t o t h e m o v i n g a r t i c u l a t o r y 
s t r u c t u r e s o t h a t t h e r e s u l t w i l l c o r ­
r e s p o n d t o t h e n a t u r a l e x e c u t i o n o f t h e 
a r t i c u l a t i o n . C o n t e x t u a l e f f e c t s such a s 
a n t i c i p a t i o n o r i n e r t i a c o n t r o l t h e s e 
o p t i o n a l f e a t u r e s , and one i s i n t e r e s t e d 
i n s p e c i f y i n g i n d e t a i l t h e n a t u r e o f 
t h a t c o n t r o l m e c h a n i s m . 

I f t h e e f f e c t s o f c o n t e x t a r e 
e x p r e s s e d i n r u l e s f o r a r t i c u l a t o r y move­
m e n t , o n l y t h e e s s e n t i a l f e a t u r e s o f t h e 
phonemes need b e s p e c i f i e d e x p l i c i t l y , 
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and the opt iona l parameters w i l l be deter ­
mined automat ica l ly . The s imulat ion sys­
tem is intended to aid the pos tu la t ion of 
such rules by serving as a convenient t o o l 
f o r the evaluat ion o f t h e i r a r t i c u l a t o r y 
and acoustic e f f e c t s . This report de­
scribes a f a c i l i t y f o r spec i fy ing a d i s ­
crete sequence of e x c i t a t i o n and a r t i c u l a ­
to ry states of the vocal t r a c t , and the 
system simulates the a r t i c u l a t o r y movement 
between these s ta tes , thus producing a 
continuous acoustic s i g n a l . The segment 
corresponding to a p a r t i c u l a r phoneme is 
represented as a sequence of one or more 
such s ta tes , where the numerical descr ip­
t i o n of the states may be funct ions of the 
adjacent phonemes. For example, sustained 
tongue t i p closure in the absence of vo ic ­
ing is a feature of the consonant / t / , but 
the shape of the tongue hump f o r that pro­
duct ion is con t ro l l ed by the adjacent 
vowels. Asp i ra t ion , another context-
dependent feature of the / t / , is achieved 
by op t i ona l l y in t roduc ing states spec i fy ­
ing the onset and terminat ion of turbu lent 
e x c i t a t i o n . For the moment, a l l para­
meters of the e x c i t a t i o n and voca l - t r ac t 
shape must be spec i f ied e x p l i c i t l y , or 
they are assigned f i xed de fau l t values. 

The t iming of a r t i c u l a t o r y movement 
can be con t ro l l ed in open-loop or closed-
loop modes. The closed-loop mode would 
require continuous pos i t i on or v e l o c i t y 
feedback; however, the r a p i d i t y of the 
a r t i c u l a t o r y movement does not allow f o r 
t h i s . Hence we assume a b a l l i s t i c - t y p e 
movement based on the present and the 
ta rge t a r t i c u l a t o r y pos i t i ons . The time 
i n t e r v a l f o r the movement is e x p l i c i t l y 
spec i f i ed , and it is assumed that the 
forces generated by the musculature are 
adjusted accord ingly . The time durat ions 
are in p rac t i ce funct ions of the adjacent 
a r t i c u l a t o r y states and fu tu re models can 
be expected to compute them from the a r t i ­
cu la tory spec i f i ca t i ons . Where t im ing 
d i f ferences ar ise from causes other than 
the a r t i c u l a t o r y context , such as the 
dura t ion d i f fe rence in Engl ish vowels 
before voiced and unvoiced consonants, 
these cannot be handled at the a r t i c u l a ­
t o r y l e v e l and would have to be introduced 
e x p l i c i t l y even where a r t i c u l a t o r y move­
ment proceeds completely by r u l e . 

The speech product ion apparatus is 
modeled as cons is t ing of a per iod ic source 
of var iab le frequency and amplitude, the 
vocal cords, and/or a noise source, e x c i t ­
ing a nonuniform acoustic transmission 
l i n e cont inuously changing in shape. The 
shape, of course, cont ro ls the character­
i s t i c impedance at any po in t , and thereby 
the t rans fe r func t ion o f the l i n e . A r t i ­
cu la tory states are represented in terms 
of sampled values of the voca l - t r ac t 

c ross-sect iona l area at points along the 
t r a c t . 

Henke has postulated a set of rules 
governing tongue, l i p and mandible move­
ments based on analyzing frames from high-
speed X-ray motion p ic tures of the moving 
vocal t r a c t . However, he did not evaluate 
the r e s u l t i n g speech signal au ra l l y . Our 
data are derived from acoustic measurement 
of the voca l - t r ac t c ross-sect iona l area5 
and admit the pos tu la t ion of s im i l a r ru lea 
This report is p r i m a r i l y concerned w i th 
the implementation of a f a c i l i t y fo r imme­
d ia te aural evaluat ion of utterances gen­
erated w i th the aid of postulated ru les . 
Comparison of the computed t r a j e c t o r i e s of 
the voca l - t r ac t resonant frequencies as 
funct ions of time w i th those measured from 
natura l a r t i c u l a t o r y events y ie lds a 
quan t i t a t i ve d i f ference measure that can 
be used to complement the subject ive 
evaluat ion of the audio s i gna l . In addi­
t i o n , the spec i f ied movements are d i s ­
played f o r evaluat ion as s a g i t t a l pro jec­
t ions convenient f o r comparison w i th X-ray 
p i c tu res . 

S ta t i c e l e c t r i c analogs of the vocal 
tract6,7,8 have been used f o r an extensive 
period as too ls in the study of how defor­
mations in the vocal t r ac t contro l the 
cha rac te r i s t i cs of the speech s i gna l . 
Dynamic e l e c t r i c analogs9,10 have been 
used fo r the synthesis of a r e s t r i c t e d 
number of sy l l ab les , but they suf fered 
from an i n a b i l i t y to cont ro l the transmis­
s i on - l i ne elements over wide ranges at 
high speeds. Kadokawa and Nakatall have 
simulated the dynamic behavior of the 
vocal t r a c t by computing a time-dependent 
t rans fe r func t ion and thus determining the 
va r ia t i ons w i th time of the voca l - t r ac t 
resonant f requencies. Coker12 uses a time-
vary ing parametric representat ion of the 
vocal t r a c t to compute the changing reso­
nant frequencies and thus cont ro l a f o r -
mant synthesizer. The primary obstacle to 
the development of a general synthesis 
f a c i l i t y has been the u n a v a i l a b i l i t y of a 
su i t ab l y f l e x i b l e cont ro l system that 
allows quick and convenient spec i f i ca t i on 
or change of the parameters c o n t r o l l i n g 
the t r a c t con f i gu ra t i on . The computer-
simulated system not only e l iminates l i m i ­
ta t ions to rapid con f igura t ion changes 
over a wide range of c ross-sect iona l area 
values, but also permits experiments 
designed to search f o r convenient con t ro l 
s t r a teg ies . 

The presence of the human l i s t e n e r in 
the sound generat ion - evaluat ion -
mod i f i ca t ion - sound generat ion feedback 
loop is necessary because at present we 
are unable to assign e f f e c t i v e ob ject ive 
c r i t e r i a to the s i g n i f i c a n t a t t r i b u t e s o f 
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the a c o u s t i c r e s u l t . Na tu ra lness i s a 
s u b j e c t i v e c r i t e r i o n , and t h e r e f o r e the 
presence o f the l i s t e n e r i s e s s e n t i a ] . 
The expe r imen te r a l s o ac ts as a v i s u a l 
obse rve r , e v a l u a t i n g shape and resonan t -
f requency v a r i a t i o n s w i t h t i m e . We en­
deavor t o f a c i l i t a t e the e x p e r i m e n t e r ' s 
task so t h a t i n the l i g h t o f h i s e v a l u a ­
t i o n he can change the da ta v a r i a b l e s 
q u i c k l y and c o n v e n i e n t l y . Th is is accom­
p l i s h e d by a l l o w i n g the exper imen te r t o 
c o n t r o l the s i m u l a t i o n us ing measures 
f a m i l i a r t o h im, f o r example, l i p opening 
or e x c i t a t i o n f r equency . He may b u i l d up 
the da ta f o r an u t t e r a n c e i tem by i t e m , 
e v a l u a t i n g the r e s u l t each t i m e . A l t e r ­
n a t e l y , he may mod i fy da ta p r e v i o u s l y 
en te red and hear the m o d i f i e d aud io s i g n a l 
in l e s s than a m i n u t e . 

The S i m u l a t i o n Method 

The s i m u l a t i o n p r i n c i p l e s are based 
on those used by K e l l y and Lochbaum13 w i t h 
c o n s i d e r a b l e ex tens ions and m o d i f i c a t i o n s . 
The v o c a l t r a c t is rep resen ted 'as a non­
u n i f o r m t r a n s m i s s i o n l i n e s u p p o r t i n g 
l o n g i t u d i n a l p r o p a g a t i o n o n l y . I t s char ­
a c t e r i s t i c impedance a t a l l p o i n t s i s 
i n v e r s e l y p r o p o r t i o n a l t o the c r o s s -
s e c t i o n a l area in a p lane p e r p e n d i c u l a r to 
the f l o w l i n e . The t r a c t i s assumed h a r d -
wa l l ed ; the compl iance o f the s o f t t i s s u e s 
o f the t r a c t w a l l i s i g n o r e d . The sampl­
i n g f requency f o r the s i m u l a t i o n , 24 kHz, 
i s de termined by the spac ing o f area 
samples, 1.5 cm, t h a t is necessary to 
s i m u l a t e the con t inuous t r a c t up to a 
s i g n a l f requency of 6 kHz. Since the 
l e n g t h o f each s e c t i o n i s c o n s i d e r a b l y 
s m a l l e r than the wave length even a t t h i s 
f r e q u e n c y , the e f f e c t o f the d i s t r i b u t e d 
r e f l e c t i o n o f a s e c t i o n t r a v e r s e d by the 
wave f ron t in one sampl ing p e r i o d can be 
rep resen ted by a lumped r e f l e c t i o n c o e f f i ­
c i e n t cen te red on the s e c t i o n . 

F i g u r e 1 shows a b l o c k d iagram of the 
v o c a l - t r a c t model . Pressure samples p r o ­
pagate back and f o r t h a long the t r a n s m i s ­
s i o n l i n e and s u f f e r m u l t i p l e i n t e r n a l 
r e f l e c t i o n s . E x c i t a t i o n may be p e r i o d i c , 
s i m u l a t i n g v o c a l - c o r d v i b r a t i o n , o r t u r ­
b u l e n t co r respond ing t o f r i c a t i o n . For 
p e r i o d i c e x c i t a t i o n the samples o f the 
e x c i t a t i o n f u n c t i o n are added to the 
samples o f the r e f l e c t e d s i g n a l a r r i v i n g 
a t the g l o t t i s . T u r b u l e n t e x c i t a t i o n may 
take p lace a t the v o c a l cords or a t any 
i n t e r i o r s e c t i o n . I t i s Implemented b y 
means of a w h i t e - n o i s e g e n e r a t o r and 
assoc ia ted source impedance p laced in 
s e r i e s w i t h the l i n e . For c o m p u t a t i o n a l 
s i m p l i c i t y , the t r a c t i s assumed l o s s l e s s 
w i t h i n i t s i n t e r i o r . Simple d i g i t a l 
f i l t e r s ac t a t the t r a c t b o u n d a r i e s , the 
v o c a l cords and the l i p s , t o approx imate 
the f requency-dependent l osses so t h a t 

a c t u a l l y measured resonan t - f r equency band-
w id ths are p r o p e r l y matched. The g l o t t a l 
r e f l e c t i o n and the l a b i a l r a d i a t i o n f unc ­
t i o n s act e s s e n t i a l l y a s h igh -pass f i l t e r s ; 
the l a b i a l r e f l e c t i o n appears as a low-
pass f i l t e r . The nasa l passage is r e p r e ­
sented by an a d d i t i o n a l t r a n s m i s s i o n l i n e 
o f f i x e d but nonun i fo rm shape coupled to 
the main t r a c t w i t h the a i d o f a v a r i a b l e 
c o u p l i n g parameter . I t serves i n the p r o ­
d u c t i o n of n a s a l i z e d vowels and consonants. 
The system ou tpu t is ob ta ined by summing 
the ou tpu ts o f d i g i t a l f i l t e r s approx imat ­
i n g the f ree -space r a d i a t i o n c h a r a c t e r ­
i s t i c s a t the l i p s and n o s t r i l s . Radia­
t i o n through the l i p s i s , o f course , con­
t r o l l e d b y the v a r i a b l e l i p a rea . I f the 
opening is reduced, more of the energy 
a r r i v i n g a t the l i p s i s r e f l e c t e d w i t h i n 
the t r a c t and l e s s i s r a d i a t e d to the 
o u t s i d e . R a d i a t i o n th rough the t r a c t w a l l 
i s not e x p l i c i t l y i n c l u d e d . 

A r t i c u l a t o r y movement i s s imu la ted by 
d e f i n i n g a sequence o f a r t i c u l a t o r y s t a t e s 
o r t a r g e t s and i n t e r p o l a t i n g the p o s i t i o n -
dependent r e f l e c t i o n c o e f f i c i e n t va lues 
and o r a l - n a s a l c o u p l i n g between them. 
Thus t a r g e t s are no t n e c e s s a r i l y phonemic 
in na tu re bu t may be s p e c i f i e d as 
f r e q u e n t l y as d e s i r e d i n o rde r t o a p p r o x i ­
mate n a t u r a l a r t i c u l a t o r y movement as 
c l o s e l y as p o s s i b l e . When the a r t i c u l a t o r 
p o s i t i o n s are d e r i v e d f rom a model of 
a r t i c u l a t o r y a c t i v i t y , the v o c a l - t r a c t 
shapes computed t h e r e f r o m are expected to 
ac t as the t a r g e t s t a t e s o f the s i m u l a t i o n 
program. S t r ess and i n t o n a t i o n i n f o r m a ­
t i o n are assumed embedded in the e x c i t a ­
t i o n f requency and amp l i tude parameters 
and w i l l no t be d iscussed here i n d e t a i l . 

L i n e a r i n t e r p o l a t i o n o f the 
r e f l e c t i o n - c o e f f i c i e n t va lues i m p l i e s 
t h a t near sharp c o n s t r i c t i o n s the area 
v a r i e s l i n e a r l y w i t h t i m e , bu t where the 
area changes s l i g h t l y o r the r e f l e c t i o n s 
are s m a l l , the areas vary e x p o n e n t i a l l y 
w i t h t i m e . The resonan t - f r equency curves 
r e s u l t i n g f rom t h i s procedure resemble 
those observed in spectrograms more 
c l o s e l y than the s t r a i g h t - l i n e segments 
used in most fo rmant s y n t h e s i z e r s . 

Imp lemen ta t i on 

The system is o p e r a t i o n a l on a 
DDP-224 computer. A l l o f the r o u t i n e s are 
w r i t t e n in FORTRAN, except f o r the most 
f r e q u e n t l y executed loop o f the wave p r o ­
p a g a t i o n computat ions which was r e w r i t t e n 
in assembly language. Among the n o t e ­
wor thy hardware f e a t u r e s u t i l i z e d i s the 
use o f i n p u t / o u t p u t channels to feed the 
loudspeakers th rough the d i g i t a l - t o - a n a l o g 
c o n v e r t e r f rom one memory module, w h i l e 
s i m u l t a n e o u s l y r ead ing the next reco rd 
f rom tape or d i s k i n t o a second module. 
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Cathode-ray tube d isp lay proceeds s imul­
taneously w i th processor operations on an 
i n t e r r up t bas is . 

The execution time of the s imulat ion 
is approximately 40 times real t ime. The 
sample propagation computations along the 
transmission l i n e , although bas i ca l l y very 
simple, are the most time consuming. A 
specia l slave processor has been designed 
to carry out these operations under con­
t r o l of the general purpose computer. I f 
implemented, i t would cut the s imulat ion 
time to four times rea l t ime. Immediate 
app l i ca t ion to rea l - t ime speech synthesis 
is therefore l i m i t e d and the system is 
considered p r i m a r i l y a research t o o l . 

The e x c i t a t i o n per iod serves as a 
time clock fo r the synthesis rou t ine , and 
w i t h i n each period parameters or parameter 
increments remain constant. Therefore an 
e x c i t a t i o n per iod is spec i f ied even when 
the t r a c t is exc i ted by noise or not 
exc i ted at a l l as in pauses w i t h i n the 
ut terance. This a l l lows a r e l a t i v e l y 
rap id , f ree- runn ing s imulat ion f o r 
hundreds of sampling periods before a 
check is made fo r new parameter values. 

Once the cont ro l data have been 
spec i f ied the s imulat ion runs wi thout 
i n t e r a c t i o n , and wr i tes the speech output 
on d isk or tape. Thus the time durat ion 
of speech mater ia l generated in any run is 
l i m i t e d only by the con t ro l tab le storage 
l i m i t a t i o n s and the patience of the 
experimenter. Because the pressure d i s ­
t r i b u t i o n along the vocal t r a c t at any 
time w i t h i n the utterance cannot be simply 
recreated, a change in any one target 
parameter requires the regenerat ion of the 
complete ut terance. 

Control and Use of the Simulat ion F a c i l i t y 

The con t ro l parameters f o r a p a r t i ­
cu lar synthesis task are spec i f ied in 
terms of two parameter l i s t s . The f i r s t 
is a l i s t o f a r t i c u l a t o r y states defined 
in terms of sets of 13 area values. The 
second l i s t is a time sequence of ta rge ts , 
nasal coupl ing values, ta rget I n t e r va l 
dura t ions, e x c i t a t i o n frequency values, 
e x c i t a t i o n amplitude values, whether p e r i ­
odic or random e x c i t a t i o n and if the 
l a t t e r , the place of e x c i t a t i o n . Targets 
are spec i f ied by using charac te r -s t r i ng 
labe ls as po in ters to en t r ies in the table 
o f a r t i c u l a t o r y s ta tes . Exc i t a t i on para­
meters are convenient ly separated from 
s p e c i f i c a t i o n of the a r t i c u l a t o r y conf igu­
ra t ions and each is eas i l y var ied inde­
pendently of the other . The same a r t i c u ­
l a t o r y con f igu ra t ion may be repeatedly 
ca l led by i t s l abe l in the second l i s t 
wi thout having to speci fy i t again in 
numerical terms. The program supplies 

de fau l t values f o r most parameters, gener­
a l l y unchanged from the previous s p e c i f i ­
cat ion so that only changing parameters 
need be e x p l i c i t l y spec i f i ed . Targets may 
be appended, inser ted or deleted from the 
l i s t conveniently and qu ick l y . A t y p i c a l 
sentence, the example discussed l a t e r , 
which consists of 19 phonemes required a 
sequence of 27 a r t i c u l a t o r y targets f o r 
acceptable synthesis. 

The basic mode of data entry is 
through the on- l ine t ypewr i te r . Once a 
parameter l i s t sa t i s f ac to r y to the exper i ­
menter has been entered, the program gen­
erates the output s igna l and records it 
d i g i t a l l y on tape or d isk . Because the 
s imulat ion runs slower than rea l t ime, the 
output signal is converted to analog form 
and played back only a f t e r i t s generation 
has been completed. 

The above method of operat ion, though 
p e r f e c t l y f eas ib l e , is not t e r r i b l y con­
venient from the point of view of an 
experimenter not used to numerical speci­
f i c a t i o n of a r t i c u l a t o r y data. To v i su ­
a l i ze the a r t i c u l a t o r y conf igurat ions and 
movements between them, a t ime-motion d i s ­
play of the a r t i c u l a t o r y t r a j e c t o r y is 
projected at a rate p ropor t iona l to the 
rea l - t ime movement rates spec i f i ed . Any 
p a r t i c u l a r con f igura t ion may be selected 
fo r s t a t i c d isp lay , g raph ica l l y modif ied 
wi th the aid of a v i s i b l e po in te r , and 
returned to i t s s l o t in the target h i s to ry 
of the ut terance. 

Another d isp lay that has found wide 
app l i ca t i on to evaluate the course of 
a r t i c u l a t o r y events is one where the 
sequence of voca l - t r ac t resonant frequen­
cies are displayed on a time base. To 
ease the computational load, the reso­
nances are computed from the stored 
shapes!3 rather than the generated s i gna l . 
This d isp lay resembles a conventional 
spectrogram in appearance. Based on h is 
wide experience wi th spectrograms, an 
experienced speech s c i e n t i s t can rap id ly 
p in -po in t s i t ua t i ons where the acoustic 
e f fec ts o f the spec i f ied a r t i c u l a t o r y t r a ­
j ec to r i es deviate appreciably from normal 
pa t te rns . The v i sua l Informat ion he 
obtains thus complements h is aural evalu­
a t ion of the generated ut terance. 

Let us now consider in d e t a i l simula­
t i o n of the product ion of the sentence, 
"This is a s tory about a man." This 
sentence was generated through t r i a l and 
e r ro r procedures by modifying shapes 
derived from X-ray p ic tu res and r e f e r r i n g 
to the na tura l utterance f o r t iming values. 
I t demonstrates the q u a l i t y of output 
ava i lab le through care fu l work w i th the 
system. No e x p l i c i t a r t i c u l a t o r y rules 
were used in t h i s example. Instead the 
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e x p e r i m e n t e r ' s accumulated knowledge of 
a r t i c u l a t o r y dynamics and the a c o u s t i c s o f 
speech p r o d u c t i o n were u t i l i z e d . The 
au tomat ion of t h i s process so t h a t one 
w i l l no t have t o r e s o r t t o t r i a l and e r r o r 
f o r every d i f f e r e n t sentence generated i s 
the nex t t a s k a t hand. 

In F i g u r e 2 the spectrograms o f the 
s y n t h e t i c and n a t u r a l u t t e r a n c e s are com­
p a r e d . We t r a n s c r i b e t h a t sentence in 
terms of phonemic symbols 
a is lz a ' s t o r l ' 'baUt » ' m a i n / . The 
apost rophes i n d i c a t e s t r e s s marks which 
are cons ide red i n s p e c i f y i n g the e x c i t a ­
t i o n f requency and t a r g e t i n t e r v a l d u r a ­
t i o n d a t a . The e x c i t a t i o n f requency f u n c ­
t i o n f o r the sentence i s ob ta ined by modi ­
f y i n g the f u n c t i o n determined f rom the 
i n t o n a t i o n p a t t e r n . The e x c i t a t i o n 
f requency i s inc reased p r i o r to and de­
creased r e l a t i v e l y more r a p i d l y a f t e r 
s t r e s s marks. For the vo iced f r i c a t i v e s 
/ $ / ( t h ) and / z / w e supp ly , i n a d d i t i o n t o 
p e r i o d i c e x c i t a t i o n , t u r b u l e n t e x c i t a t i o n 
at p o i n t s 3 cm and 1.5 cm r e s p e c t i v e l y 
beh ind the f r o n t end o f the t r a c t . I n 
each case the v o c a l - t r a c t shape is r e l a ­
t i v e l y c o n s t r i c t e d a t t h a t p o i n t . The 
unvo iced f r i c a t i v e / s / i s e x c i t e d b y no ise 
o n l y at the same p o i n t and us i ng the same 
v o c a l - t r a c t shape as / z / . The vowels /*/, 
/ « / , / o / and / a t / a r e p e r i o d i c a l l y e x c i t e d 
and have t h e i r a r t i c u l a t o r y c o n f i g u r a t i o n s 
shaped by m o d i f y i n g the c o n f i g u r a t i o n 
a p p r o p r i a t e f o r the i s o l a t e d vowel i n 
accordance w i t h the a r t i c u l a t o r y i n f l u ­
ences of the n e i g h b o r i n g consonants . Tn 
t u r n , the vowels are used to c o n t r o l the 
v a r i a b l e a r t i c u l a t o r y c h a r a c t e r i s t i c s o f 
the consonants . For example, the a r t i c u ­
l a t i o n o f the i n i t i a l / s / i s the same a s 
t h a t of the /%/ except where the tongue 
t i p i s r a i s e d t o produce the c o n s t r i c t i o n . 
The g l i d e / r / i s v o w e l - l i k e i n e x c i t a t i o n 
and r e t r o f l e x i o n o f the tongue is not 
a p p l i e d . The d iph thong / a © / i s genera ted 
b y l i n e a r r e f l e c t i o n - c o e f f i c i e n t i n t e r ­
p o l a t i o n between bounding t a r g e t va lues 
t h a t are somewhat m o d i f i e d v e r s i o n s o f the 
i s o l a t e d independent vowels / a / and / u / . 
The unvoiced s top / t / has a t r a n s i t i o n 
p a r t t o a n a r t i c u l a t i o n e x h i b i t i n g almost 
complete c o n s t r i c t i o n at a p o i n t 3 cm f rom 
the f r o n t . Th is c o n s t r i c t e d a r t i c u l a t o r y 
s t a t e i s s u s t a i n e d f o r a 21 msec i n t e r v a l 
b e f o r e r e l e a s e . On re lease a s h o r t b u r s t 
o f no i se i s i n t r o d u c e d t o s imu la te a f f r i -
c a t i o n o r t u r b u l e n c e ; t h e r e a f t e r the 
amp l i t ude o f the p e r i o d i c e x c i t a t i o n i s 
l i n e a r l y i nc reased f rom a zero v a l u e . The 
v o i c e d s top / b / has the a r t i c u l a t i o n 
chang ing f rom t h a t o f the p rev i ous vowel 
/ * / t o t h a t o f the i n i t i a l p a r t o f the 
f o l l o w i n g d i ph thong /aur/ w h i l e the l i p s 
are kep t a lmost comp le te l y c o n s t r i c t e d . A 
v e r y s m a l l bu t f i n i t e l i p opening i s h e l p ­
f u l i n s i m u l a t i n g the a c o u s t i c e f f e c t s o f 

energy r a d i a t e d th rough the w a l l s o f the 
mouth. The nasal consonants /m/ and / n / 
are produced w i t h the o r a l t r a c t com­
p l e t e l y c o n s t r i c t e d at the l i p s and 3 cm 
behind them, r e s p e c t i v e l y , but w i t h a h i g h 
va lue o f nasa l c o u p l i n g . The c o u p l i n g is 
reduced but not e l i m i n a t e d f o r the i n t e r ­
ven ing ea/ vowel which is thus made nasa-
1 i z e d . 

One i n t e r e s t i n g r e s u l t observed 
th rough t r i a l and e r r o r exper iments i s 
t h a t n a t u r a l n e s s is enhanced by a v o i d i n g 
sus ta ined a r t i c u l a t i o n s - those where two 
adjacement a r t i c u l a t o r y s t a t e s are s p e c i ­
f i e d as i d e n t i c a l . Except f o r the vowels 
i n the s t ressed s y l l a b l e s and the f r i c a ­
t i v e s , the a r t i c u l a t i o n s are c o n t i n u o u s l y 
chang ing . Th is f u r t h e r i n v a l i d a t e s the 
idea t h a t speech can be produced by con­
c a t e n a t i n g d i f f e r e n t s t a t i o n a r y s i g n a l s . 

Conc lus ions 

The s i m u l a t i o n program produces 
i n t e l l i g i b l e speech i f care i f taken t o 
mod i fy a r t i c u l a t o r y shapes, t ime dura ­
t i o n s , and e x c i t a t i on f requency va lues to 
f i t the c o n t e x t u a l env i ronment on a l e v e l 
at l e a s t as l a r g e as the sentence. Data 
a p p r o p r i a t e f o r the p r o d u c t i o n o f an i s o ­
l a t e d word but no t f o r the sentence in 
which i t is embedded may make not on l y 
t h a t word, bu t the complete sentence 
u n i n t e l l i g i b l e . The q u a l i t y o f the mate­
r i a l genera ted so f a r can be used as a 
goa l f o r the q u a l i t y to be ach ieved by 
imp lement ing r u l e s gove rn i ng the movements 
o f the i n d i v i d u a l a r t i c u l a t o r s . 

The program uses an e x c i t a t i o n func ­
t i o n t h a t i s s t o r e d and independent o f the 
v o c a l - t r a c t shape. The a r t i c u l a t i o n , how­
eve r , i s known to a f f e c t b o t h the wave­
shape and the e x c i t a t i o n f requency .15 The 
f i x e d wave-shape independent o f f requency 
is bu t a rough a p p r o x i m a t i o n to the r e a l 
s i t u a t i o n . D e t a i l e d s i m u l a t i o n o f v o c a l -
cord movement wou ld , however, i nc rease the 
e x e c u t i o n t ime o f the program by a t l e a s t 
a f a c t o r of two . Because these f a c t o r s 
are not c e n t r a l to the aspects o f speech 
g e n e r a t i o n under c o n s i d e r a t i o n a t the 
moment, t hey have no t been i n c l u d e d in the 
p resen t p rogram. 

The v o c a l t r a c t i s assumed l o s s l e s s 
i n i t s i n t e r i o r , t h e r e f o r e , the r e s u l t i n g 
resonance bandwidths are f i x e d f u n c t i o n s 
o f f requency and independent o f the a r t i ­
c u l a t i o n . The l osses in gene ra l do depend 
on the su r f ace area o f the t r a c t w a l l and 
are thus a f f e c t e d by the shape of the 
t r a c t i n the p lane p e r p e n d i c u l a r t o the 
f l o w d i r e c t i o n s . The c o n t r i b u t i o n o f t h i s 
f a c t o r t o l a c k o f n a t u r a l n e s s has not been 
p r e c i s e l y e v a l u a t e d . 
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A r t i c u l a t i o n s o f / l / and / r / , i n 
p a r t i c u l a r , o f ten exh ib i t sidebranches 
formed by the tongue and the hard palate 
tha t cannot be modeled p rec ise ly when one 
t r ea t s the vocal t r a c t as one continuous 
tube. Our approximations are therefore 
expected to lead to d i f ferences in the 
acoustic r esu l t and must be recognized as 
l i m i t a t i o n s of the model. 

A program that requires e x p l i c i t 
s p e c i f i c a t i o n o f a l l a r t i c u l a t o r y and 
e x c i t a t i o n parameters su i ted to the p a r t i ­
cular context cannot be said to exh ib i t 
extensive a r t i f i c i a l i n t e l l i g e n c e . 
Instead, the s imulat ion program must be 
viewed as a framework w i t h i n which s ta te ­
ments regarding a r t i c u l a t o r y movements can 
be expressed and evaluated. The framework 
reported is based on the considerat ion 
that utterances are organized on the a r t i ­
cu la to ry l e v e l , and that organizat ion can 
be studied most e f f e c t i v e l y at the same 
l e v e l . 

Our resu l t s up to t h i s time concern 
organizat ion at the lowest l e v e l . Here 
a r t i c u l a t o r y parameters are t reated as 
independent, and in te rac t ions between 
them, except as re f l ec ted on the acoustics 
l e v e l , are ignored. For example, the 
nasal coupl ing parameter is used to con­
t r o l nasa l i za t i on of vowels adjacent to a 
nasal consonant at the same time as the 
tongue shape is changing as required f o r 
the product ion of those vowels. Thus the 
adjacent vowels are perceived as nasa­
l i z e d . The product ion of the same e f f ec t 
on the acoustic l e ve l is much more com­
p lex . This example substant iates the 
basic mot iva t ion f o r speech generat ion 
through a r t i c u l a t o r y c o n t r o l , tha t t h i s 
d i r e c t i o n of at tack can unravel the com­
plex organizat ion of the i nd i v i dua l pho­
nemes i n t o the in tegrated ut terance. 
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